Abstract-The unit-cell composition of three-dimensional finite element models for 3-0 and 3-1 type polymer (PVDF) -ceramic (BaTiO3) and ceramic (PZT-7A) -ceramic (BaTiO3) structures are compared to determine the effects of fiber interaction at the surface of the unit-cell on the effective elastic, piezoelectric and dielectric properties of the multifunctional composite systems. The first unit-cell type examined has enclosed fibers that are completely contained within its boundaries, the second type has fibers that are contained within the sides of the unit-cell but can be cut at the top and bottom surfaces, and the third type has fibers that can be cut on the top, bottom and side surfaces of the unit-cell. All cut fibers are matched on opposing surfaces for continuity. Randomly distributed and aligned circular fibers, randomly distributed and randomly oriented circular fibers, and one central enclosed fiber with varying volume fractions and aspect ratios are compared with these three unit-cell structures. Results show that fiber models display greater or equal values of C "" when compared to aligned or randomly oriented fibers for all cases except aspect ratio 1 polymer-ceramic structures. The third type of unit-cell shows the highest e "" values for single, aligned and randomly oriented fiber structures, except for the aspect ratio 10 polymerceramic case where the second type of unit-cell has greater results for aligned and single fibers. Finally, it can generally be seen that randomly oriented fibers have smaller values than similar aligned and single fiber structures with the exception being C "" of the ceramic-ceramic structures.
INTRODUCTION
Piezoelectric materials are being used more commonly for commercial and industrial applications due to their electromechanical properties. In products such as sensors, actuators and hydrophones their unique behavior makes them useful even as monolithic materials. Their properties, however, can be enhanced by combining multiple of these materials in a multifunctional composite structure. These composite systems can include many different types of materials, though the ones being examined in this study will be of the polymer-ceramic and ceramic-ceramic type.
Structured piezoelectric multifunctional composites have been studied fairly extensively from an analytical, numerical and experimental perspective. Kar-Gupta and Venkatesh determined the effects of geometry and grain-size on 3-0, 3-1 and 3-3 fibrous structures in [1] . Wu et al. examine the actuation performance of barium titanate nanoparticles in an epoxy resin in [2] . Yavarow and Erturk [3] develop a nonlinear elastodynamic model for fibrous piezoelectric composites, validating their mathematical model against experimental results.
This being said, randomly distributed and randomly oriented multifunctional composite structures have not been nearly as established. There has been some research done such as Berger et al. in [4] , however a complete understanding of the effects of different structures on the effective electromechanical properties of random fiber multifunctional composites is not currently available. This study will try and determine how the interaction between fibers and the surface of a unit-cell will affect the overall properties. Thus, the objectives are:
(i) To develop a unit-cell based finite element model that will predict the elastic, dielectric and piezoelectric properties of several 3-0 and 3-1 type multifunctional composites with different boundary types at varying aspect ratios, volume fractions and cross-sectional shapes for aligned and randomly oriented fibers.
(ii) To systematically characterize the effects of unit-cell boundary structure on the effective electromechanical properties of multifunctional composites.
II. PIEZOELECTRIC MATERIALS
A total of three piezoelectric materials are used in this study: barium titanate (BaTiO 3 ), polyvinylidene fluoride (PVDF) and lead-zirconate titanate (PZT-7A). Their properties are outlined in table 1 on the next page. PVDF is used as the matrix polymer in the polymer-ceramic models, while PZT-7A is the matrix ceramic in the ceramic-ceramic case. BaTiO 3 acts as the fiber in all composite structures. For this study, the matrix was poled in the 2-direction while the fibers were poled along their longitudinal axis for maximum effect, this is recognized as being an ideal case. Piezoelectric materials are governed and fully defined by 21 elastic, 18 piezoelectric and 6 permittivity constants [5] . In the first equation, σ represents a second order stress tensor, C % a fourth order elasticity tensor (at zero electric field), ε a second order strain tensor, E an electric field vector, D an electric displacement vector, e a third order coupling tensor and ) * a second order permittivity tensor (at zero strain). The indices i, j, k and l are remapped in the following way: 11 → 1, 22 → 2, 33 → 3, 23 → 4, 13 → 5 and 12 → 6.
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III. COMPOSITE UNIT-CELL STRUCTURE
The multifunctional composite structures analyzed in this study were generated using python scripts which were then run using the commercially available finite element software, ABAQUS. The code developed created fibers with specified cross-sectional shapes and aspect ratios, then placed them randomly in a non-intersecting fashion within a unit-cell until a desired volume fraction was reached. Fibers were also constrained in relation to the boundary of the unit-cell in three ways, as shown in figure 2:
• Type 1: fibers are completely enclosed within the boundary of the unit-cell. No fiber gets cut at or even touches any surface of the unit-cell.
• Type 2: fibers are enclosed within the four sides of the unit cell but can be cut on the top and bottom surfaces.
• Type 3: fibers can be cut on any surface of the unit-cell. 
All fibers cut on one surface have a complementary fiber on the opposing surface to have continuity if multiple unit-cells were to be attached, shown below in figure 3. Figure 3 : Continuity at unit-cell boundaries using complementary fibers.
The finite element models were run using threedimensional four-node linear piezoelectric tetrahedron elements (C3D4E). Nodes were given four degrees of freedom, each of the three directions and one electric potential (1, 2, 3 and 9, respectively). Fiber diameter and length was also kept constant in order to maintain aspect ratio. The number of fibers within a unit-cell could have been increased by keeping aspect ratio constant and reducing the diameter, however this was not done in this study to keep fibers consistent, which limited the volume fraction to approximately 25% [6] .
IV. RESULTS
Finite element methods were used to analyze the various composite structures described in section 3 in order to determine effective elastic, dielectric and piezoelectric properties. The results plotted in the graphs of figure 4 show these effective properties for each structure at a given aspect ratio, volume fraction, cross-sectional shape, material and boundary type. Results displayed for any randomly distributed fiber structures are averages calculated from multiple iterations of the model. The cross-sectional fiber shapes examined are circular and square, while the material compositions studied are polymer-ceramic and ceramic-ceramic. Aspect ratio 1, 5 and 10 (short, medium and long fibers, respectively) are also compared with the three types of boundary structures.
The random fiber results from this study are initially compared to single fiber results with comparable structures to determine their accuracy. The circular single fiber results were verified against Kar-Gupta and Venkatesh [1] , as well as Bowen et al [7] , and Brito-Santana [8] . Single fiber results with the first type of boundary structure are shown to have nearly identical values and trends as those in [1,7 and 8] , which is as expected since the structures are the same. There is some variance with different boundary structures and with randomly distributed fibers, however the models are overall in good agreement.
Square fibers were also compared with Kar Gupta and Venkatesh [9] . The aspect ratio 10 randomly distributed and single fiber structures were compared with those of [9] and showed similar trends. Though both studies examined polymerceramic and ceramic-ceramic structures with the same materials, the combinations of materials were different so an exact verification could not be made. Figure 4 : Variation of effective properties with respect to fiber volume fraction in (a) polymer (PVDF) -ceramic (BaTiO3) system with aligned and randomly distributed circular fibers, randomly oriented and randomly distributed circular fibers, and single aligned fibers (b) polymer-ceramic system with aligned, randomly distributed and single square fibers, (c) ceramic (PZT-7A) -ceramic (BaTiO3) system with aligned and randomly distributed circular fibers, randomly oriented and randomly distributed, and single aligned circular fibers, and (d) ceramic-ceramic system with aligned, randomly distributed and single square fibers -multifunctional composite structures.
For C "" , single fiber models display greater or equal values compared to aligned and randomly oriented fibers in all cases but aspect ratio 1 polymer-ceramic structures. In the longitudinal direction, it appears that the length and continuity of the fiber plays a more significant role in increasing mechanical properties than boundary type. It can, however, also be seen that the first type of boundary structure has the highest C "" value for a given structure when compared to the second and third boundary types with the exception of aspect ratio 1 ceramic-ceramic circular structures and aspect ratio 5 polymerceramic circular structures.
Randomly oriented fibers are generally seen to have the lowest values for C "" , e "" and κ "" when compared to aligned and single fibers with the exception being C "" of the ceramicceramic structures. Aligned fiber multifunctional composite systems have several distinct advantages when compared to these randomly oriented structures. They can be placed more efficiently in the unit-cell, leading to higher packing factors as well as providing generally flexible structures [10] with low acoustic impedance values [11] . Randomly oriented fiber structures, however, can provide higher values in transverse directions compared to aligned structures and can be easier to manufacture [12] [13] [14] [15] .
V. CONCLUSION
Random fiber multifunctional composites have a wide variety of advantages compared to structured and single fiber structures. Their ease in manufacturing and higher values in transverse directions make them useful and often less expensive. However, as the applications for these composites becomes more pronounced, their complexity will increase and the numerical models used to predict their behaviour will need to be improved. The purpose of this study was specifically to determine how the effective electromechanical properties of multifunctional composites might be affected by changes in the interaction between fibers and the surface of the unit-cell. At given volume fractions of fibers, aspect ratios, materials and cross-sectional shapes, the effects of the boundary structure of a unit-cell were found to be the following:
(i) C "" values were more commonly larger as a result of longer and continuous fibers rather than based on a unitcell boundary type, however the first type of boundary displays generally higher values compared to the second and third type except for aspect ratio 1 ceramic-ceramic circular structures and aspect ratio 5 polymer-ceramic circular structures. (ii) The highest e "" values for single, aligned and randomly oriented fiber structures except for the aspect ratio 10 polymer-ceramic case was the third type of unit-cell. (iii) Randomly oriented fibers have the lowest values in general when compared to aligned and single fiber structures, with the exceptions of C "" of the ceramicceramic structures. This study presents an overview of the effects different fiber-surface interactions can have on the overall properties of a unit-cell. When creating models to study the behaviour of random fiber multifunctional composite structures, the conclusions drawn here can help identify discrepancies in electromechanical properties between models that appear to be the same. As is shown, the same structure with different surface-fiber interactions can have varying effective mechanical, piezoelectric and dielectric properties without having a different core structure. The large variety of structures being compared in this study with varying aspect ratios, volume fractions, materials and cross-sectional shapes provides a baseline for future numerical models with more complex structures and unitcell surfaces.
